Recordings of the ballistocardiogram were made on successive days in a group of subjects free fromt clinical signs of heart disease. The effects of ambulation and meals on the recordings were evaluated. A small but measurable increase in cardiac index following meals was observed. Significant individual differences were found. In order to obtain comparable ballistocardiographic records, it is important for the patient to fast for four to five hours preceding the measurements. However, familiarity with the procedure and prior bed rest are not essential. Only one set of calculations by one observer is required. E VIDENCE has been presented by Starr1 that preclinical coronary disease can be detected by means of the ballistocardiograph. In a series of 90 persons selected as normal subjects for ballistocardiographic study, a number were found to manifest frank coronary artery disease in the course of a ten-year followup. Of 4 subjects with abnormal waveform in the original ballistocardiogram, 3 developed coronary artery disease. Twelve additional subjects who developed coronary artery disease originally had normal waveform but were found to have had a significantly lower estimated cardiac output than did the others in the group. It thus appears that a means is available for detecting coronary artery disease, or perhaps more correctly, myocardial abnormality, earlier than has been heretofore possible.
That absolute cardiac output may be determined by the ballistocardiograph has been frequently questioned. Indeed, Hamilton and co-workers2' 3 have estimated the pattern of ballistic forces theoretically expected and believe that the maximum instantaneous force should be four times that actually recorded. There is also evidence that the velocity of cardiac ejection is a factor which influences both the form and the amplitude of the ballistocardiogram.4 Standing waves in the aorta are From the Section on Cardiovascular Diseases and Gerontology, National Heart Institute, National Institutes of Health, Bethesda, 'Md., and the Baltimore City Hospitals, Baltimore, M1d. 1026 thought to contribute substantially to the later waves. Despite these apparent handicaps, the ballistocardiograph provides a good empiric measure of cardiac output. Agreement with the direct Fick method. is essentially the same as is the agreement of other methods with the direct Fick.6 7 The ease of single or serial determinations with this technic contrasts markedly with most other methods.
In any group of normal subjects there are large individual differences in estimated cardiac output even when corrected for surface area as cardiac index (L./min./M.2) or when referred to actual or "ideal" body weight.' It would be desirable if means could be found to decrease the dispersion of values in the normal group in order that subjects with abnormally low estimated cardiac index be more readily separated from normal subjects. It was with this thought in mind that the present study was undertaken.
Little attention has been paid to the extrinsic factors which influence the cardiac index as estimated by the ballistocardiograph. Starr and Schroeder8 require subjects to fast for at least two hours and to rest supine for fifteen minutes before records are taken. These criteria were established after considerable experience in taking ballistocardiograms but no data have been presented confirming them as satisfactory. In fact, by the gas method it has been found that the ingestion of food results in an increased cardiac output lasting as long as six hours, depending upon the amount and nature of the food taken. Carbohydrate stimulates the most rapid rise and fall, protein response is slower, and fat is the least effective and slowest stimulant.' Smoking is thought to increase cardiac output although the response is small and variable."' According to Tanner the standard error of estimate of stroke volume of one ballistocardiographic determination from another taken five minutes previously is 4.8 per cent.'2 Grollman has reported the cardiac output as determined by the acetylene method to be remarkably constant in duplicate determinations and from day to day in a small number of subjects.'0 He tude from apex to base of each to the closest halfmillimeter and the base of each to the nearest hundredth of a second. All measurements were madeto the upper border of the tracing in order to avoid errors due to the thickness of the galvanometer spot.
The found this to be true whether studies were performed on a strictly basal or on a fasting "outpatient" basis. Day-to-day reliability of the ballistocardiogram has not been estimated.
METHODS
The ballistocardiograph was of the horizontal high-frequency undamped type. 13 The natural frequency of the bed with respect to its frame was 12.6 cycles per second when loaded with 150 pounds of iron weights. By means of a capacitance pick-up device and a Hathaway S14A oscillograph, records were made on photographic paper. The calibration was such that a force of 280 Gm. applied to the bed caused a displacement of one centimeter on the record. Time lines were recorded at 0.01 second intervals.
There is a considerable respiratory variation in the size of the ballistocardiographic complexes. In reading the records, therefore, ( fig. 1 ) a representative respiratory cycle was determined by inspection and the largest and smallest complexes in that cycle selected for measurement. A baseline was drawn in by inspection from diastolic phase to diastolic phase. The area of the I-wave and of the J-wave in each of the two complexes was approximated by assuming each wave to be a triangle and measuring the alti-All values were recorded as cardiac index. Bodysurface area was estimated from height and weight by the DuBois formula.
Means and standard deviations of the distribution were computed for each group of data. Comparisons between determinations made under differing circumstances were made according to the t-test of Fisher."5 Differences were considered significant at a probability level of 5 per cent or less.
Ten male hospital inpatients were studied who had received intensive (two-day) antiluetic therapy and were afebrile and ambulatory without treatment for at least five days before this study. Ten male laboratory workers were also employed as subjects. All subjects had normal cardiovascular systems by history, physical examination, unipolar electrocardiograms and teleroentgenograms.
The inpatients were kept basal for fifteen hours overnight and in the morning were transferred to the ballistocardiographic bed by surgical cart with as little exertion as possible. They were reassured and kept comfortable but the procedure was unfamiliar to them. After the initial determination, subjects were allowed normal ambulatory activity for the remainder of the day except for a fifteen minute rest prior to each determination. Hourly measurements of cardiac index were made and a substantial standard meal (P, 33 Gm.; CHO, 110 Gm.; fat, 35 Gm.; calories, 888) was eaten from 11:30 to 11:45 A.M. No other food intake was allowed throughout the day and smoking was forbidden. Water was allowed ad lib. Beginning at 2:45 P.M., determinations were made at five-minute intervals while resting supine for forty minutes. The entire routine was repeated the following day.
The "outpatient" laboratory personnel were similarly studied but they were allowed to spend the night at home and came to the laboratory in the fasting state. All were familiar with the procedure and they were studied one day only.
The mean age of all subjects was 24.4 years; -1lean cardiac index of 20 subjects who were basal at 9:00 AM., ambulatory thereafter, and who ingested a standard meal at 11:30 A.Mi. The elevation from 12:00 to 3:00 P.Ni. is significant.
After ingesting the standard meal there w-as a significant increase in cardiac index of about 12 per cent above the basal and ambulatory levels which persisted for at least three and onehalf hours and appeared to return to the baseline only after five and one-half hours (figs. 2 and 3).
In view of the demonstration by Hickam and co-workers'8 that the tension of impending academic examinations increased cardiac index in their subjects, emotion might be expected to be a factor in routine ballistocardiography. In this case, however, all mean values throughout the second consecutive day were not significantly changed from those of the first day ( fig. 3 ).* Furthermore, the mean pulse rate was 64 per minute and the highest noted on any occasion was 84 per minute. Nor did subjects familiar with the procedure, the "outpatients," differ from those unfamiliar with it, the hospital inpatients (fig. 3) . The laboratory personnel also spent the night at home prior to study and still did not differ from the strictly basal subjects.
Determinations made within one minute of reclining and at short intervals thereafter for forty minutes showed no significant change ( fig. 4) . It thus appears that the ballistocardio- -Mean cardiac index of 10 hospital inpatients studied throughout two consecutive days and of 10 laboratory workers ("outpatients") studied throughout one day. Values at any given time do not differ significantly from one another. gram can be recorded as soon as the subject is comfortable and the apparatus adjusted.
The standard deviation of the distribution, representing the dispersion of values about the mean, was not significantly diminished under any of the circumstances of study.
Duplicate selections of complexes and dupli-'On scattered occasions in this laboratory, as much as a 50 per cent increase in cardiac index has been observed in response to emotional stimuli other than those attendant, to taking ballistocardiograms. The possibility of such influence in some subjects must be kept in mind but is probably not important in routine ballistocardiography. A statistical analysis of variance19 was performed on the data obtained from 7 subjects while resting supine for 20 minutes.* The results are shown in table 1. In order of decreasing importance, the following factors were found to contribute to the total variance: (1) the subjects, (2) effect of eating is also included. This demonstration that the differences between individuals are greater than other sources of variance even in normal subjects lends encouragement to future attempts to distinguish between individuals by means of the ballistocardiogram. *The analysis of variance is a statistical device for determining the significance of the contribution of different sources to the total variation in a set of observations. In this case, duplicate determinations oin each of 7 subjects were performed at fiveminute intervals for twenty minutes. The data were arranged in a grid configuration and the proportion of the total variance due to each factor (individual differences in subjects, time of measurement in the series, interaction between subjects and time, and residual error) was computed. The residual error includes that of measurement of complexes and particularly when one is presented wenith a small number of ballistocardiographic complexes per respiratory cycle from which to choose. Obviously it is the unusual cycle in which complexes occur by chance at exact maximum and minimum amplitude.
A quantitative estimate of the day-to-day variability is not possible with the data at hand. It appears, however, to be little greater than that between two determinations made at five-minute intervals.
CONCLUSIONS
In order to attain the least variation consistent with economy of effort, the ballistocardiogram should be recorded as follows:
1. Subjects may be allowed to stay at home overnight, and may be ambulatory, but they should fast at least three and one-half and probably five and one-half hours before the records are made.
2. Records may be taken as soon as the subject is comfortable and the apparatus is adjusted.
3. Unfamiliarity with the procedure on the part of the subjects does not appear to be important. Under ordinary circumstances the effect of emotion is negligible. 4. Only one set of calculations by one observer is necessary per determination.
